Alternative sigma (r) factors govern expression of bacterial genes in response to diverse environmental signals. In Pseudomonas aeruginosa r PvdS directs expression of genes for production of a siderophore, pyoverdine, as well as a toxin and a protease. 
Introduction
As well as the primary sigma factor r 70 that directs expression of housekeeping genes, bacteria contain multiple alternative sigma factors that enable optimisation of gene expression in response to oxidative stress, cell envelope stress, nutrient deprivation or other environmental challenges (Feklistov et al., 2014; Paget, 2015) . The activities of alternative sigma factors are frequently controlled by antisigma proteins that bind to and inhibit the cognate sigma factor until an appropriate signal is received, triggering release of the sigma factor to interact with core RNA polymerase and initiate expression of target genes (Helmann, 1999; Campagne et al., 2015; Paget, 2015) . One well-characterised pathway involving sigma-antisigma interactions controls synthesis and uptake of an iron-chelating siderophore, pyoverdine, in the Gram-negative opportunistic pathogen Pseudomonas aeruginosa. P. aeruginosa causes a wide range of both chronic and acute infections in patients with a variety of predisposing conditions (Gaynes and Edwards, 2005; Driscoll et al., 2007) . Iron is an essential co-factor in a number of bacterial proteins but free iron is limited in most environments (typically < 0.1 mM) and is further restricted in the human body (10 29 mM) (Weinberg, 2009) . To overcome this limitation P. aeruginosa secretes pyoverdine that chelates iron (Fe 31 ) in the extracellular environment, and is reimported into the bacteria as the ferripyoverdine iron chelate via the cellsurface receptor FpvA [reviewed in (Schalk, 2008)] . A number of studies have demonstrated the importance of pyoverdine in infection (Meyer et al., 1996; Takase et al., 2000; Martin et al., 2011) .
The alternative sigma factors r FpvI and r PvdS are required for expression of the ferripyoverdine receptor gene fpvA (Beare et al., 2003; Redly and Poole, 2003) and for expression of pyoverdine synthesis genes (Cunliffe et al., 1995; Miyazaki et al., 1995) respectively. r PvdS is also required for maximal expression of the vir-by a 20 kDa antisigma protein FpvR 20 that arises from proteolysis of a 38 kDa precursor (Lamont et al., 2002; Beare et al., 2003; Draper et al., 2011) (Fig. 1) [reviewed in (Llamas et al., 2014) ]. Binding of ferripyoverdine by FpvA triggers complete proteolytic degradation of FpvR 20 , enabling r FpvI and r PvdS to recruit core RNA polymerase for expression of their target genes (Shen et al., 2002; James et al., 2005; Shirley and Lamont, 2009; Draper et al., 2011) . This results in upregulation of FpvA on the surface of the cell and the secretion of pyoverdine to acquire additional iron. FpvR 20 inhibits the activities of both r PvdS and r FpvI despite a low sequence identity (34.7%) between the sigma factors (Beare et al., 2003) . The cytoplasmic domain of FpvR 20 binds to conserved region four of r FpvI and r PvdS (Redly and Poole, 2005; Edgar et al., 2014) the region that is required both for recognition of the 235 region of promoters and for binding to core RNA polymerase (Lane and Darst, 2006; Blanco et al., 2011) . Thus, FpvR 20 likely inhibits r FpvI and r PvdS activity through occlusion of core RNA polymerase and promoter binding. The activities of r FpvI and r
PvdS
, and hence expression of downstream genes, must be influenced by the affinity of FpvR 20 for each sigma factor and by the relative amounts of the three proteins. However, the relative affinity of FpvR 20 for each sigma factor is not known; indeed, despite the importance of sigma-antisigma binding in controlling gene expression, individual affinities have only been measured for four antisigma-sigma pairs to date (Collinet et al., 2000; Sharma and Chatterji, 2008; Jaiswal et al., 2013) . The amounts of r PvdS per cell have been determined (Spencer et al., 2008; Tiburzi et al., 2008) but the amounts of r FpvI and FpvR 20 are not known.
As an additional layer of regulation, the expression of pvdS is repressed during iron-replete conditions to prevent over accumulation of iron, which can lead to the formation of toxic hydroxyl radicals through the Fenton pathway (Cunliffe et al., 1995; Ochsner et al., 2002) . In the presence of iron a repressor protein, Fur, binds to DNA sequences termed Fur boxes in the operators of target genes, repressing transcription (Escolar et al., 1999) (Fig. 1) . The pvdS promoter contains two Fur boxes and binds Fur protein with high affinity when Fe 21 is available .
The fpvI and fpvR genes are divergently transcribed from overlapping promoters that also contain Fur boxes, although their affinity for Fur repressor is less than that of the pvdS promoter . Expression of pyoverdine synthesis and uptake genes must be coordinated with responsiveness to other cellular requirements and environmental signals, such as the concentration of iron that could potentially affect individual branches of the signaling pathway in different ways. The aim of this research was to investigate the molecular mechanisms underpinning integration of input signals (concentrations of iron and ferripyoverdine) and output signals (expression of r FpvI -and r PvdS -dependent genes) in the pyoverdine iron uptake pathway. To address this aim we measured sigma factor activity in response to different input signals, quantified the relative abundance of FpvR 20 , r FpvI and r
, and determined the affinity of FpvR 20 for each sigma factor.
Results

Sensitivity of the signaling pathway to ferripyoverdine and iron
In the absence of ferripyoverdine FpvR 20 inhibits both r PvdS and r FpvI (Lamont et al., 2002; Beare et al., 2003) .
In the presence of pyoverdine, which chelates iron to become ferripyoverdine, FpvR 20 is degraded causing r PvdS and r FpvI to be active (Draper et al., 2011) (Mettrick and Lamont, 2009)] were incubated in the presence of varying concentrations of pyoverdine to determine the sensitivity of each branch of the signaling pathway to pyoverdine. The results ( Fig. 2A,B) showed that 0.625 mM of pyoverdine was sufficient to give some induction of both PpvdE::lux and PfpvA::lux, with 5 mM being required for maximal induction.
The effects of extracellular iron were also investigated. Addition of 0.25 lM iron was sufficient to reduce pyoverdine-mediated induction of PpvdE::lux, while concentrations above 4 lM completely prevented induction (Fig. 2C) . In contrast, even 32 lM of iron was insufficient to markedly reduce induction of PfpvA::lux although lux expression was reduced at higher concentrations of iron (Fig. 2D) . Addition of iron to the growth medium also reduced expression of PpvdE::lux when pyoverdine was not present, suppressing the basal activity of r PvdS that occurs in the absence of ferripyoverdine although less markedly than when pyoverdine was present (Supporting Information Fig. S2 ). Added iron did not significantly affect expression of PfpvA::lux in the absence of pyoverdine (Supporting Information Fig. S2 ).
Quantifying fpvR, fpvI and pvdS gene expression
The differing effects of pyoverdine and iron on the r PvdS -dependent PpvdE::lux construct and the r FpvI -dependent PfpvA::lux construct prompted us to measure the effects of pyoverdine and iron on expression of pvdS, fpvI and fpvR. RT-qPCR was carried out with a pyoverdine-deficient mutant (P. aeruginosa PAO1 pvdF) grown in the presence or absence of 75 lM pyoverdine or P. aeruginosa PAO1 grown in the presence or absence of 40 mM FeCl 3 . In the absence of added iron the expression of fpvR was higher than that of fpvI but much lower than that of pvdS (Fig. 3) . The addition of iron strongly repressed transcription of pvdS (390-fold), consistent with previous findings (Cunliffe et al., 1995; Leoni et al., 2000; Ochsner et al., 2002) . In contrast, although expression of fpvI and fpvR trended slightly downwards in the presence of iron the differences were not statistically significant. These changes in gene expression were consistent with previously measured changes in transcript levels as well as the known role of the Fur repressor protein in regulating expression of pvdS and fpvI Ochsner et al., 2002) . There was also no significant difference in fpvI and fpvR expression in the presence or absence of pyoverdine, whereas the addition of pyoverdine to the pyoverdine null P. aeruginosa PAO1 pvdF strain significantly decreased expression of pvdS (Fig. 3) . This is consistent with previous observations of reporter gene activity from the pvdS promoter (Spencer et al., 2008) . It is likely that the addition of pyoverdine to the medium facilitated iron acquisition by the bacteria and the increased concentration of intracellular iron resulted in partial repression of the pvdS promoter by Fur protein. 
Quantification of r
FpvI and FpvR 20 protein in P. aeruginosa
The amounts of r FpvI and FpvR 20 proteins per cell in P.
aeruginosa in the presence or absence of pyoverdine were quantified to compare to the previously measured amounts of r PvdS (Spencer et al., 2008; Tiburzi et al., 2008) . r FpvI was measured in the P. aeruginosa pvdF pyoverdine mutant strain, modified to carry chromosomally-integrated FLAG epitope-tagged fpvI in the place of wild-type fpvI on the chromosome. FLAGtagged r FpvI had slightly higher activity than wild-type protein in the presence of pyoverdine but the tag did not affect the ability of FpvR 20 to inhibit r FpvI (Supporting Information Fig. S3 ). These data indicate that the presence of the FLAG tag had little or no effect on the amount of r FpvI per cell. The effects of pyoverdine and iron on the amount of FLAG-r FpvI per cell were measured by comparison with known amounts of purified His 6 -FLAG-r FpvI (Fig. 4A) . Similar levels of FLAG-r FpvI were observed in the absence and presence of pyoverdine (Fig. 4A ). In the presence of iron the amount of FLAG-r FpvI per cell was reduced approximately fourfold, consistent with the RT-qPCR data (Fig. 3) . The amount of FpvR 20 per cell was measured by comparison with a dilution series of known amounts of purified FpvR cytoplasmic region (FpvR 1-89 ) (Fig. 4B ). This method relies on equal efficiency of transfer of FpvR 20 and FpvR 1-89 (20 kDa and 12 kDa respectively) and the protocol used gives complete transfer of proteins in this size range (Ni et al., 2017) . In the pyoverdine mutant strain, P. aeruginosa PAO1 pvdF, the average number of FpvR 20 molecules (115 per cell) was greater than the number of molecules of r Reporter gene assays show that r FpvI and r PvdS are active when expressed in E. coli and that each sigma factor is inhibited by co-expressed FpvR 1-89 , the domain of FpvR 20 that binds to the sigma factors (Redly and Poole, 2005; Edgar et al., 2014) . We adapted this assay system as outlined in Fig. 5C to determine whether r FpvI and r PvdS would compete for binding to limiting amounts of FpvR 1-89 when both sigma factors were coexpressed. We reasoned that competition for binding would result in higher activity of each sigma factor when they were co-expressed than when they were expressed individually.
The pvdS and fpvI genes were expressed from pETDuet, a vector that gives equal expression of coexpressed genes (Novagen, 2006) (pETDuet::pvdS_fpvI, Table 1 ). RT-qPCR confirmed that fpvI and pvdS were transcribed at similar levels (fold difference 1.5 6 0.3). RNA was extracted from P. aeruginosa PAO1 or the pvdF mutant that had been grown in King's B broth supplemented with 40 mM FeCl 3 (Fe 31 ) or 75 lM pyoverdine (PVD) as indicated. Gene expression for fpvR, fpvI and pvdS, relative to reference genes clpX and oprL, was measured by RT-qPCR. Data are the means 6 SD of three biological replicates. ** 5 statistically significant difference as determined by Student's t test (p < 0.01). FpvR 1-89 was expressed as a hexahistidine-tagged fusion protein (His 6 -FpvR 1-89 ) from plasmid pCDFDuetfpvR 1-89 that is compatible with, but has a lower copy number than, pETDuet (Novagen, 2006) , to ensure that the combined amount of r FpvI and r PvdS protein was in excess of His 6 -FpvR 1-89 . FpvR 1-89 was used instead of FpvR 20 because it can be purified in a soluble form and contains the region that binds to r FpvI and r PvdS (Redly and Poole, 2005; Edgar et al., 2014) . Control experiments showed that r FpvI had slight activity with the r PvdS -dependent pvdE promoter, r PvdS had no activity with the r FpvI -dependent fpvA promoter, and His 6 -FpvR 1-89 showed no activity with either promoter in the absence of r FpvI and r PvdS (Supporting Information Fig. S4 ).
When expressed individually, r FpvI and r PvdS were both active with their target promoters and, as expected, their activities were inhibited by His 6 -FpvR 1-89 (Fig. 6Ai , ii). When r FpvI and r PvdS were co-expressed, His 6 -FpvR 1-89 partially inhibited both sigma factors (Fig. 6Aiii , iv) indicating that the two sigma factors were competing for binding to His 6 -FpvR 1-89 . To more quantitatively assess the effects of sigma factor competition on activity, the decrease in activity resulting from the presence of His 6 -FpvR 1-89 was calculated (Fig. 6B) Information Fig. S5 ), implying similar affinities of the two sigma factors for core enzyme. 
PvdS
. Protein mass spectrometry showed that an additional band (* in Fig. 7A ) contained the C-terminal portion of r FpvI and is likely to represent a degradation product. These data showed that His 6-FpvR 1-89 bound to both sigma factors when they were co-expressed, and were consistent with r FpvI and r PvdS having comparable affinities for Affinities of r FpvI and r PvdS for FpvR 1-89 in vitro
The affinities of antisigma proteins for their cognate sigma factors have only been measured in a few previous examples (Collinet et al., 2000; Sharma and Chatterji, 2008; Jaiswal et al., 2013) (Table 2 ). This is due, in part, to the insolubility of purified sigma factor proteins and the requirement for most biophysical techniques to titrate one interacting partner into another, starting from isolated preparations of each. However, analytical ultracentrifugation (AUC) is a versatile method for determining stoichiometry and affinity of biomolecular complexes in solution (Gordon and Perugini, 2016) including co-purified biomolecular complexes having low solubility (Perugini et al., 2000 FpvR 1-89 preparations existed as 1:1 stoichiometric complexes with modal sedimentation coefficients of 2.6 S and 2.9 S respectively ( Fig. 8A,B ; Supporting Information Table S1 ). However, at lower initial protein concentrations of 0.073 and 0.052 mg/ml (r FpvI /FpvR 1-89 and r PvdS /FpvR 1-89 respectively), the c(s) distribution profiles revealed a small proportion of a second species with a modal sedimentation coefficient of 1.5 S, indicating concentration-dependent dissociation of the complexes to their individual constituents (Fig. 8A,B) . Sedimentation equilibrium experiments were subsequently performed to quantify the affinity and stoichiometry of the sigma/anti-sigma complexes. The resulting sedimentation equilibrium data at multiple speeds and initial protein concentrations were fitted to various self- respectively. In agreement with the co-expression studies, these data indicate similar binding affinities of FpvR 1-89 for r PvdS and r FpvI ( Fig. 8C -E; Table 2 ; Supporting Information Table S1 ).
Discussion
The overall aim of this research was to understand the mechanisms that integrate different regulatory inputs (i.e., the concentrations of ferripyoverdine and of iron) into the control of a sigma-antisigma regulatory system. r FpvI -dependent expression of the PfpvA::lux fusion construct and r PvdS -dependent expression of the PpvdE::
lux construct in P. aeruginosa had similar sensitivities to ferripyoverdine (Fig. 2) . However, expression of PpvdE:: lux was much more sensitive than PfpvA::lux to the effects of iron ( Fig. 2 and Supporting Information Fig.  S2 ), a finding that is explained by expression of pvdS being significantly higher than that of both fpvI and fpvR when the bacteria were grown without iron, but not when iron was included in the growth medium (Fig. 3) . Different r PvdS -dependent promoters are repressed by extracellular iron to different extents and the extent to which ferripyoverdine induces expression of different r PvdS -dependent genes is also likely to show some variation. However, it is clear that production of the r PvdS -dependent products pyoverdine, exotoxin A and PrpL protease is much more strongly influenced by the concentration of iron than is production of FpvA whereas the concentration of ferripyoverdine has comparable effects on all four products. The different effects of iron on gene expression are likely to be a consequence of differing affinities of the Fur repressor for target promoters. Fur binds the pvdS promoter with high affinity and has lower affinity for the overlapping and divergent promoters for fpvR and fpvI . The small changes in fpvR expression in response to iron (Fig. 3) suggest that fpvR expression is maintained at a fairly constant level and that regulation of FpvR 20 is primarily post-translational through proteolytic degradation in response to ferripyoverdine.
FpvR 20 is unusual in binding two different sigma factors r FpvI and r PvdS that have quite different primary sequences. However, in vivo competition assays (Fig.  6 ), co-purification (pull-down) assays (Fig. 7) and in vitro measurements (Fig. 8 ) all indicate that FpvR 20 has a similar strength of interaction with both r FpvI and r
PvdS
. This is consistent with the same amount of pyoverdine being sufficient for activation (0.625 lM) and maximal activity (5 lM) of each sigma factor in P. aeruginosa (Fig. 2) , which implies that a reduction in the amount of FpvR 20 affects the activities of both sigma factors equally. Genetic analyses indicate that r FpvI and r PvdS interact with FpvR 20 in a similar though not identical way (Redly and Poole, 2005; Edgar et al., 2014) . Collectively these data suggest that although r FpvI and r PvdS have low sequence identity, FpvR 20 binds them in a similar manner while discriminating against other sigma factors. The two sigma factors are also likely to have similar affinities for core RNA polymerase (Supporting Information Fig. S5 ). Affinities of antisigma proteins for their cognate sigma factors have been determined in only a small number of cases ( the relative amounts of the three proteins. In ironstarved cells grown in medium that contained pyoverdine, FpvR 20 was undetectable (Supporting Information Fig. S1 ) and the activities of r PvdS and r FpvI were maximal (Fig. 2) . The amount of r FpvI per cell under these conditions was lower than the amount of r
. This difference may reflect differences in the number of promoters targeted by r FpvI and r PvdS (1 and 21 respectively, are known) (Llamas et al., 2014) ; differences in the affinities of the sigma factors for target promoters; or a cellular requirement for transcription of pyoverdine synthesis genes at higher levels than transcription of fpvA. When bacteria were grown without ferripyoverdine, FpvR 20 inhibited both r PvdS and r
FpvI
. However, the amount of FpvR 20 protein ( 115 molecules per cell) was less than half the combined amount of r PvdS and r
( 262 and 58 molecules per cell respectively). As Coordinating inputs in a dual sigma-antisigma pathway 899 antisigma proteins bind to sigma factors in a 1:1 ratio (Campbell et al., 2007) , or in one case two antisigma molecules for each sigma factor molecule (Jensen et al., 2015) , these values suggest that even in the absence of pyoverdine a significant amount of unbound r PvdS /r FpvI was present. This is consistent with earlier findings that, under similar conditions, approximately one third of r PvdS was not associated with membrane-bound FpvR 20 (Tiburzi et al., 2008) . The presence of unbound sigma factor proteins in the absence of ferripyoverdine explains the low-level expression of fpvA and of pyoverdine synthesis genes that occurs under these conditions (Lamont et al., 2002; Beare et al., 2003) (Fig. 2) . Induction of gene expression by ferripyoverdine requires cells to have a basal level of FpvA and to secrete low levels of pyoverdine with the potential for it to accumulate to a sufficiently high concentration to induce expression. Our measurement of the relative amounts of FpvR 20 , r PvdS and r FpvI therefore provides a molecular explanation for the basal level of gene expression that occurs in the absence of ferripyoverdine and is necessary for induction of gene expression by ferripyoverdine.
To the best of our knowledge, the amount of antisigma protein per cell has been determined for only one other alternative sigma-antisigma system, with the amount of r E per E. coli cell being less than half that of its cognate antisigma protein RseA (Collinet et al., 2000) . It is generally assumed that antisigma proteins are present in similar amounts to their cognate alternative sigma factors within cells, or that the antisigma protein is in slight excess as occurs for RseA/r E , to enable full sequestration of the sigma factor. Our findings indicate that this need not be the case and that sigma factors may be in excess of antisigma proteins, potentially providing basal level of gene expression that can be amplified when the appropriate environmental signal occurs.
What are the advantages to P. aeruginosa of having different sigma factors for pyoverdine synthesis and uptake genes? The much higher expression of pvdS than fpvI in iron-starved cells provides potential for high expression of pyoverdine synthesis genes and other virulenceassociated genes (those encoding exotoxin A and PrpL protease) without excessive expression of the FpvA receptor. The powerful effect of iron in repressing pvdS expression ensures that pyoverdine synthesis is strongly repressed under conditions where it is not required and indeed, excess iron acquisition could be toxic to bacterial cells. During chronic infection iron may be available to P. aeruginosa in other forms such as heme or ferrous ions (Hunter et al., 2013; Konings et al., 2013; Marvig et al., 2014) with consequent repression of pyoverdine synthesis gene expression and uptake (Konings et al., 2013) . As well as the direct (albeit modest) effects of iron in repressing fpvA expression through repression of fpvI gene expression, expression of fpvA is affected by the amount of available pyoverdine. Changes in the iron status of the cell therefore have an additional indirect effect on expression of fpvA because iron represses expression of pvdS and hence pyoverdine production. The synthesis or activity of r PvdS is also affected by additional environmental signals including quorum sensing and other signaling molecules, the amounts of oxygen or phosphate that are present, and sulphur metabolism (Llamas et al., 2014; Chen et al., 2015) so the production of pyoverdine (and hence expression of fpvA) is also integrated with responses to other environmental factors.
In conclusion, even in the absence of ferripyoverdine there is a deficit of FpvR 20 explaining the basal activity of r FpvI and r PvdS under these conditions, activity that is required for induction of gene expression by ferripyoverdine. This finding has important implications for all sigma-antisigma systems, as the ratio of the different proteins is a key factor in controlling sigma factor activity. The two branches of the signaling pathway have similar sensitivities to extracellular ferripyoverdine with r FpvI and r PvdS having similar affinities for FpvR 20 . However, expression of pvdS is more strongly affected by extracellular iron (and potentially other environmental signals) than expression of fpvI, such that iron has a much greater effect on expression of pyoverdine synthesis, exotoxin A and prpL protease genes than on fpvA. Our findings therefore demonstrate one means by which different environmental signals can be integrated to control gene expression in a sigma-antisigma system.
Experimental procedures
General methods
Bacterial strains and plasmids used in this study are listed in Table 1 . Bacteria were routinely grown in LB medium or on LB agar at 378C. P. aeruginosa was grown in King's B medium (King et al., 1954) for gene expression analysis and for preparation of protein extracts. Pyoverdine was purified from P. aeruginosa strain PAO1 and media were supplemented as required with FeCl 3 , ampicillin, chloramphenicol, streptomycin or gentamicin as described previously (Mettrick and Lamont, 2009 ).
Molecular genetic manipulations
For protein co-expression in E. coli fpvI, pvdS and fpvR 1-89 were amplified from P. aeruginosa PAO1 genomic DNA using PCR primers that incorporated appropriate restriction sites (Supporting Information Table S2 ). They were then cloned into pCDFDuet or pETDuet (Novagen, 2006) using conventional methods (Sambrook et al., 2000) , with proteins that were expressed from pCDFDuet or MCS1 of pETDuet being fused to the upstream vector-encoded hexahistidine peptide. The fidelity of all constructs was verified by DNA sequencing.
To replace fpvI with FLAG-tagged fpvI (FLAG-fpvI) in the chromosome of P. aeruginosa PAO1, PCR was carried out with DNA from P. aeruginosa strain PAO1 to generate two products flanking the fpvI start codon. The two resulting fragments were cloned into pEX18Gm (Hoang et al., 1998) to generate a plasmid in which the start codon of fpvI was followed by an in-frame KpnI restriction site. Into this restriction site was cloned a synthetic gene fragment comprising the 3xFLAG sequence (Hernan et al., 2000) flanked by KpnI sites, yielding plasmid pEX18Gm-3xFLAG-fpvI. PCR and DNA sequencing (Genetics Analysis Services, University of Otago) were used to confirm the absence of mutations in the plasmid construct and to identify clones with the correct orientation of the 3xFLAG tag. This construct was then introduced into PAO1 pvdF ) and PAO1 pvdF PfpvA::lux (Mettrick and Lamont, 2009 ) and the chromosomal fpvI gene in these strains was replaced by 3xFLAG-fpvI using standard methods (Hoang et al., 1998; Mettrick and Lamont, 2009) , giving rise to derived strains in which expression of the chromosomal 3xFLAG-fpvI gene is under the control of the native promoter.
Protein purification and analysis
Proteins expressed as hexahistidine fusions were purified from cultures (400 ml) of E. coli MC1061 (DE3) containing appropriate plasmids, using immobilised metal affinity chromatography (IMAC) as described previously (Edgar et al., 2014) except that for purification of His 6 -3xFLAG-FpvI the following buffers were used: binding buffer, Tris-HCl pH 8.5 (50 mM), b-mercaptoethanol (10 mM), urea (6 M); wash buffer, Tris-HCl pH 8.5 (20 mM), KCl (100 mM), imidazole (30 mM), b-mercaptoethanol (10 mM), urea (6 M); elution buffer, Tris-HCl pH8.5 (20 mM), KCl (100 mM), imidazole (250 mM), b-mercaptoethanol (10 mM), urea (6 M). Proteins were analysed by SDS-PAGE and Western blotting as described previously (Spencer et al., 2008; Draper et al., 2011) using monoclonal antibodies against r PvdS (Xiong et al., 2000) , FpvR 1-89 that is the N-terminal (cytoplasmic) portion of FpvR 20 (Draper et al., 2011) and the 3xFLAG-tag on r FpvI (anti-FLAG clone M2; Sigma-Aldrich F1804), and a polyclonal antibody against r FpvI (Edgar et al., 2014) . Protein concentrations were measured in a spectrophotometer at an absorbance of 280 nm using ProtParam (Gasteiger et al., 2005) , implemented at ExPasy, to predict the molar extinction coefficient based on the number of aromatic residues in each protein.
Preparation of antisigma-sigma complexes for binding affinity studies
Pure preparations of the His 6 -r PvdS /FpvR 1-89 and His 6 -r FpvI /FpvR 1-89 protein complexes for analysis by analytical ultracentrifugation (AUC) were prepared by overexpression of pETDuetfpvI_fpvR 89 and pETDuetpvdS_fpvR 89 constructs in E. coli BL21(DE3) and purification at room temperature by a combination of metal ion affinity and size exclusion chromatography (SEC). For the final purification step, protein samples were eluted in AUC buffer (20 mM Tris-HCl, pH 8.5, 150 mM NaCl, 0.5 mM TCEP, 5% glycerol) and a sample of this buffer was retained for use as a reference in the AUC experiments.
Analytical ultracentrifugation
AUC experiments were performed in a Model XL-A analytical ultracentrifuge (Beckman Coulter, Indianapolis, IN) using standard two channel epon quartz-window cells with an 8-hole An-50 Ti rotor. The optimal wavelength and radial range for collecting high speed data were determined at an initial rotor velocity of 3000 rpm. Solvent (20 mM Tris-HCl, pH 8.5, 150 mM NaCl, 0.5 mM TCEP, 5% glycerol) density and viscosity were measured in an Anton Paar DMA 4100 Density Meter and Anton Paar AMVn Automated Micro Viscometer respectively. The partial specific volumes (t ) of r FpvI /FpvR 1-89 and r PvdS /FpvR 1-89 were computed from the amino acid sequence of the complexes using SEDN-TERP (Laue et al., 1992) .
For sedimentation velocity experiments, 400 ml of reference and 380 ml of sample [at initial total protein concentrations of 0.04, 0.073 and 0.134 mg/ml (r FpvI /FpvR 1-89 ) and 0.05, 0.076 and 0.90 mg/ml (r PvdS /FpvR 1-89 )] were centrifuged at 40,000 rpm, and data were collected at 230 nm and a temperature of 208C in continuous mode with a step size of 0.003 cm without averaging. The resulting absorbance versus radial position data at different time points were fitted to a continuous size-distribution model (Perugini et al., 2000; using the program SEDFIT (available to download from www.analyticalultracentrifugation.com).
For sedimentation equilibrium experiments, 120 ml of reference solution and 90 ml of sample [at initial total protein concentrations of 0.022, 0.051 and 0.07 mg/ml (r FpvI / FpvR 1-89 ) and 0.025, 0.041, 0.086 mg/ml (r PvdS /FpvR 1-89 )] were centrifuged at 16 000 rpm and 26 000 rpm, and data were collected at 230 nm and a temperature of 48C in step mode using a step size of 0.001 cm with 20 averages. The sample sector also contained 20 ml of FC-43 heavy oil to efficiently identify the bottom of the sample solution to allow mass conservation analysis. The resulting data at multiple speeds and protein concentrations were analysed using SEDPHAT (Vistica et al., 2004) and fitted globally to various interacting models, including 1:1, 1:2, 2:1 and 2:2 heteroassociating systems.
Quantification of FpvR 20 and r
FpvI in P. aeruginosa P. aeruginosa PAO1 pvdF and PAO1 pvdF FLAG-fpvI were grown in King's B medium, supplemented with 75 lM pyoverdine and 40 mM FeCl 3 as required, to OD 600 5 2.0. Aliquots of cells (2.3 3 10 8 ) were collected by centrifugation and stored at 2208C. The samples were resuspended in 75 ml PBS mixed with 6 3 SDS loading dye and incubated for 20 min at 958C. SDS-PAGE was carried out along with concentration standards of purified His 6 -FpvR 1-89 or His 6 -FLAG-r FpvI . Following Western blotting densitometry analysis was performed using ImageJ software to quantify the amounts of protein in cellular extracts, relative to the Coordinating inputs in a dual sigma-antisigma pathway 901 concentration standards and with adjustment for differences in size between the standard and target proteins.
Reporter gene assays
Expression from the pvdE and fpvA promoters in E. coli was measured using b-galactosidase assays for bacteria containing the reporter plasmids pMP190::PpvdE_lacZ and pMP190::PfpvA_lacZ as described previously (Edgar et al., 2014) . Expression from the same promoters in P. aeruginosa was measured using luciferase assays with bacteria containing chromosomally-integrated PpvdE::lux or PfpvA::-lux reporter gene constructs using a previous protocol (Mettrick and Lamont, 2009 ) with the following modifications. Overnight cultures of bacteria grown in King's B medium were diluted to an OD 600 of 0.05 in 200 ll fresh King's B medium with pyoverdine or FeCl 3 added as required. The cultures were dispensed into white clear bottom 96 well microtitre plates (Greiner bio-one) and incubated at 378C with continuous shaking at 200 rpm for 24 h inside a FluoStart Omega plate reader (BMG Labtech). Luciferase activity (counts) and OD 600 measurements were made every 30 min. Luciferase counts were normalised to OD 600 . Luminescence fold change was defined as the maximal lux reporter gene activity during logarithmic growth phase in the presence of pyoverdine and/or FeCl 3 divided by the maximal lux reporter gene activity during logarithmic growth phase in the absence of added pyoverdine or FeCl 3 .
RT-qPCR
MIQE guidelines were adhered to (Bustin et al., 2009 ). E. coli MC1061 (DE3) carrying the desired plasmids was grown to OD 600 5 1.0 before induction with 59 mM IPTG for 30 min. P. aeruginosa PAO1 cultures were grown to OD 600 5 2.2 in the presence or absence of 40 mM FeCl 3 . Samples of cultures (0.5 ml) were immediately used for RNA extraction. Extraction of RNA, cDNA synthesis and qPCR were carried out as described previously (Draper et al., 2011; Konings et al., 2013) . Relative quantification was performed using the second derivative maximum method corrected for primer efficiencies, with normalisation to clpX and oprL as the reference genes (Draper et al., 2011; Konings et al., 2013) . The specificity and efficiency of primer pairs for analysis of fpvR and fpvI were validated in this study and had amplification efficiencies of 1.80 6 0.01 and 1.99 6 0.01 respectively.
